Objectives: The influenza virus (IFV) infection models commonly used to evaluate antiviral agents (e.g. MDCK cell line and mice) are limited by physiological differences from the human respiratory tract in vivo. Here we report the pharmacodynamics of DAS181, a sialidase fusion protein that inhibits influenza infection, in the model systems of well-defined human airway epithelium (HAE) culture and ex vivo culture of fresh human bronchial tissue, both of which are close mimics of the human respiratory tract in vivo.
Introduction
Seasonal influenza virus (IFV) infection across the globe accounts for .250 000 deaths annually, and a pandemic influenza event may be of far greater magnitude. IFV vaccines are the most commonly used preventive agent against seasonal infection, but the high variability of IFVs from season to season dictates that vaccines need to be updated annually. Antiviral drug treatments directly targeting viral proteins have also been approved for use against IFV infection. However, resistance to most of the currently approved anti-influenza drugs [M2 blockers and the neuraminidase inhibitor (NAI) oseltamivir] has become common in seasonal influenza, highlighting a need for novel anti-influenza approaches. 1, 2 Targeting the host cell components required for viral infection is a novel antiviral approach that may have a reduced potential for generating drug resistance.
Sialic acids on the host cell surface are the primary receptors required for infection by all known IFV strains. 3 The interaction between IFV haemagglutinin (HA) and sialic acid receptors on the host cell surface has long been known to be critical for IFV infection, although targeting this interaction as an anti-IFV therapeutic approach has never been realized until the generation of DAS181 (Fludase w ), a recombinant fusion protein containing a sialidase catalytic domain and a respiratory epithelium-anchoring domain [amphiregulin (AR) tag]. 4 The sialidase activity of DAS181 can cleave a(2,6)-and a(2,3)-linked sialic acid receptors, which are preferentially recognized by human and avian IFV strains, respectively. DAS181 potently inhibits infection by seasonal IFV as well as the potentially pandemic H5N1 IFV strain in MDCK cells, mice and ferrets. 4, 5 DAS181 has been designed to function topically on the surface of the airway, and the drug product will be delivered as an oral inhalant. Thus, understanding the pharmacodynamics of DAS181 on the human airway epithelial surface is critical for selecting a drug treatment dose and regimen for clinical studies. Although the anti-IFV activity of DAS181 has been demonstrated in studies using cell lines and animal models, these model systems are dissimilar to the in vivo environment of human airway in some important aspects, which include lack of differentiated cells and mucus-secreting function in the cell line monolayers and, importantly, distinct composition and dynamics of sialylated glycans in animals and cell lines. Thus while being conventional model systems for anti-IFV activity study, mice and cell lines are not entirely appropriate for DAS181 pharmacodynamic analysis.
In this report, we evaluated DAS181 pharmacodynamics and anti-IFV activity in two model systems that closely mimic the human respiratory epithelium: well differentiated human airway epithelium (HAE) culture and ex vivo human bronchial tissue sections. Our results corroborate the previous findings on potent anti-IFV activities of DAS181, and provide valuable insights on treatment dose and regimen selection for DAS181, which is being tested in human clinical trials.
Materials and methods

Cells, tissues and viruses
Well-differentiated HAE cultures (wdHAE/HAE/Epi-airway, AIR196-HTS or Air-100) were purchased from Mattek Inc. (Ashland, MA, USA; www. mattek.com) and were maintained according to the supplier's instructions. The laboratory IFV strains A/Weiss/43 (H1N1), A/PR8/34 (H1N1), A/ PortChalmers/1/73 (H3N2), A/Victoria/3/75 (H3N2) and B/Maryland/1/59 were obtained from the ATCC (Manassas, VA, USA). The low passage IFV clinical isolate A/HongKong/54/98 was isolated/cultured as described previously, 6 while the low passage IFV clinical isolate A/HongKong/2637/04 was generously provided by Alexander Klimov (CDC). All virus samples were first minimally amplified on MDCK cells, and then aliquotted and stored at 2808C before use. HAE infection was carried out by incubation with viruses (5000-40000 pfu/well diluted in PBS) on the apical side of the HAE for 1-2 h at 378C followed by a single wash with PBS. Unless mentioned otherwise, all anti-IFV studies employed IFV A/PortChalmers/1/73 (10000 pfu/well) as model virus.
For ex vivo culture, fresh bronchi tissue was removed from patients undergoing lung resection and immediately sectioned into multiple biopsies of 3Â5Â5 mm dimensions. After sectioning, the tissues were immediately placed into culture medium (F-12K nutrient mixture with L-glutamine and antibiotics) before infection and/or DAS181 treatment within 8 h of resection. Bronchi were infected at a titre of 1Â10 6 TCID 50 /mL with A/HongKong/54/98 (H1N1), as described previously. 7 Detection of the cell-bound DAS by a cell-based ELISA HAE tissues were pre-treated with 100 mL of DAS181 or DAS180 at various concentrations for 2 h, rinsed twice with 200 mL of PBS, fixed with 0.05% glutaraldehyde for 10-15 min in PBS, and blocked with 3% BSA in PBS overnight at 48C. The cell-bound DAS was detected with either a rabbit polyclonal antibody (pAb A106; 3 mg/mL) or a sheep pAb (A318; 1 mg/mL) raised against DAS181 for primary detection, and appropriate secondary pAb conjugated to horseradish peroxidase (HRP; 0.08 mg/mL) (similar results were obtained using a polyclonal peptide antibody that does not recognize the AR tag; data not shown). The cultures were washed and developed with the colorimetric substrate tetramethylbenzidine (TMB; Sigma, St Louis, MO, USA), stopped with 1 M H 2 SO 4 and quantified at 450 nm. Wells incubated with secondary pAb alone represented the background control. The mean levels of cell-bound DAS181 in the samples that were fixed immediately after the 2 h study drug treatment was considered as 100% at t¼0. The percentage of DAS that remained cell bound during the subsequent observation period was calculated using the formula: [(average sample absorbance-average background absorbance)/(average DAS181 absorbance at t¼0-average background absorbance)]Â100.
Quantification of cell surface sialic acid level by enzyme-linked lectin assay (ELLA) HAE cultures were treated, washed and fixed as for the DAS binding assay. Unless mentioned otherwise all experiments involved a 2 h exposure to DAS181; however, in some experiments various lengths of exposure to DAS181 (other than 2 h) were tested (Figure 1b) . In all experiments DAS181 or virus was immediately applied to the HAE surface; however, in some experiments the cultures were pre-washed with PBS (five times with 200 mL) to remove mucus before treatment with DAS181 ( Figure 1c ). The cell surface sialic acid levels were quantified by an ELLA as previously described. 4 HAE cultures were treated with DAS, washed, fixed, and blocked as above. Relative a2,6-linked sialic acid was detected with biotinylated SNA (Sambucus nigra) lectin (2 mg/mL; Vector Laboratories, Burlingame, CA, USA) for 2 h at 378C. SNA is specific for Neu5Ac a(2,6)-Gal (a2,6-linked sialic acid). After the lectin incubation, the cells were washed four times in PBSþ 0.1% Tween 20 (PBST). Secondary detection of the bound lectin was accomplished by incubating the cells with streptavidin-HRP (5 mg/mL; Vector Laboratories) for 1 h at 378C. The signal was detected with TMB substrate as above. All samples were normalized such that 100% sialic acid was defined as the absorbance at 450 nm of untreated tissues and 0% sialic acid was defined as the absorbance at 450 nm of untreated tissues, without the lectin incubation step. The percentage of sialic acid remaining was calculated using 100%Â[(absorbance of DAS181-treated cells -background)/ (absorbance of untreated cells -background)]. Time course studies involved daily washing of the apical surface with PBS to approximately simulate normal mucociliary clearance.
Time course analysis of DAS binding and HAE resialylation HAE cultures were treated with DAS180 or DAS181 at 7.7 mg/cm 2 for 2 h at 378C followed by washing three times with 200 mL of PBS. Cultures were then incubated at 378C for 10 days with daily PBS washing to mimic mucociliary clearance. At selected timepoints a subset of the cultures were fixed with 0.05% glutaraldehyde and stored in blocking buffer (3% BSA in PBS) at 48C until analysis. DAS ELISA and SNA ELLA were performed as described above.
qRT-PCR methods
All studies involved daily washing of the apical surface with PBS, beginning 24 h post-infection, to simulate normal mucociliary clearance. The apical washes were collected and stored at 2808C until viral RNA was purified from 50 mL of wash sample using a MagMAX-96 TM Viral RNA isolation kit (Applied Biosystems, Foster City, CA, USA). The RNA was purified according to the manufacturer's instructions and eluted in 50 mL of elution buffer. cDNA was synthesized with 10 mL of the purified viral RNA using an Applied Biosystems cDNA Synthesis kit. For the standard curve, 10- 
Apoptosis array
HAE cultures (Air-100) were pre-treated with PBS or DAS181 (7.5 mg/cm 2 ) for 2 h followed by washing with PBS and infection with 10000 pfu of IFV B/Maryland/1/59. After incubation for 24 h at 378C the cultures were washed with PBS and the culture/membrane was cut out of the plastic insert and submerged in RNAlater (Qiagen, Valencia, CA, USA).
Total RNA was extracted from ex vivo tissues using the RNeasy mini Kit (Qiagen). A 20 mL aliquot of the eluted total RNA was used for the firststrand cDNA synthesis with the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). The gene expression of 84 key apoptosis genes was then profiled by RT-PCR-based RT 2 Profiler Apoptosis PCR Arrays (SABioscience, Frederick, MD, USA). RT-PCRs were performed in 96-well plate format using the ABI 7500 Real-Time PCR System (Applied Biosystems). Fold changes of apoptotic gene expression in experimental samples relative to the control samples (e.g. mockinfected) were calculated using the DCt method. 9 The DCt value of each sample was normalized by up to a total of five housekeeping genes [b-2-microglobulin (B2M), hypoxanthine phosphoribosyltransferase 1 (HPRT1), ribosomal protein L13a (RPL13A), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and b-actin (ACTB)]. All data were analysed by the RT 2 Profiler PCR Array Data Analysis Template v3.0, and a 2.0-fold change in gene expression was used as the cut-off threshold to determine up-or downregulation, as previously described. 10 
IFV dynamics in HAE
In IFV time course studies +DAS181 (Figure 4a ), tissues were pre-treated with PBS or DAS181 for 2 h (153 mg/cm 2 ) before infection with IFV A/PR8/ 34 (5000 pfu/well) for 1 h. After washing, the cultures were incubated at 378C. Daily apical washes (100 mL/well) were collected and analysed for viral titre by plaque assay. In IFV time course studies comparing plaque assay and RT-PCR endpoints [ Figure S1 , available as Supplementary data at JAC Online (http://jac.oxfordjournals.org/)] the cultures were simply infected with IFV A/PortChalmers/1/73 for 1 h (5000 pfu/well for the plaque assay experiment or 10000 pfu/well for the RT-PCR experiment). After washing, the cultures were incubated at 378C with daily apical washing (100 mL/well). Apical washes were collected and analysed for viral titre by plaque assay or RT-PCR.
Antiviral activity in HAE
In dose-response studies (Table 1) HAE cultures were pre-incubated with DAS181 (2 h at 378C, followed by two PBS washes) and then infected with various IFVs (5000-40000 pfu/well). Cultures were washed apically with 100 mL of PBS daily to roughly mimic mucociliary clearance. Apical wash was collected on day 3 for analysis of viral titre via plaque assay on MDCK cells, 4 or qRT-PCR analysis of viral M-gene copy number.
Antiviral mechanism of action
Various concentrations of DAS181, DAS180 and DAS185 were incubated with HAE tissues for 2 h at 378C followed by two PBS washes, before infection with IFV A/PortChalmers/1/73. After washing out unbound IFV the cultures were replenished with fresh DAS daily (each treatment being 2 h at 378C, followed by two PBS washes). Day 3 apical washes for all concentrations were analysed by qRT-PCR to determine dose-response.
Dose regimen analysis in HAE
In Figure For the delayed treatment studies ( Figure 4c ) the HAE cultures were first infected with IFV A/PortChalmers/1/73 and then treated daily with DAS181 (all treatments 10 mg/cm 2 for 2 h) starting at various times postinfection (0, 12 and 24 h). All regimens were carried out through 4 days post-infection, and resumed daily treatment at 24 h. Daily apical washes were collected and analysed by qRT-PCR (days 1-9).
For the prophylaxis studies ( Figure 4d ) the HAE culture were first treated with DAS181 (two treatments separated by 12 h, each at 10 mg/cm 2 for 2 h) and then infected with IFV A/PortChalmers/1/73 after various incubation times to enable sialic acid regeneration. Treatment regimens involved treatments at 60 and 48 h pre-infection, 48 and 36 h pre-infection, and 36 and 24 h pre-infection. The apical wash from day 1 (24 h post-infection) was collected and analysed by qRT-PCR.
De-/resialylation and anti-IFV studies with ex vivo human bronchi tissue sections
For testing DAS181 dose levels, the tissue fragments (0.25 cm 2 ) were treated with 0.05 mL of DAS181 solutions at 25 mg/mL (5 mg/cm 2 ), 50 mg/mL (10 mg/cm 2 ) and 250 mg/mL (50 mg/cm 2 ) for 2 h at 378C, before washing, fixation, sectioning and staining with digoxigeninlabelled SNA lectin (Dig Glycan Detection Kit, Roche), which recognizes a2,6-linked sialic acids according to previously described methods. 11 As the MAA (Maackia amurensis) lectin identifies non-sialic acid this was not used to determine desialylation effects. Images were detected with a Nikon Eclipse 80i microscope.
For testing the desialylation rate, the tissue fragments were incubated with 0.05 mL of DAS181 solutions at 25 mg/mL (5 mg/cm 2 ), 50 mg/mL (10 mg/cm 2 ) and 250 mg/mL (50 mg/cm 2 ) for various time periods of 10, 30 or 60 min at 378C, followed by fixation and SNA binding. For testing the resialylation rate, the tissue sections were treated with 0.05 mL of DAS181 at 50 mg/mL (10 mg/cm 2 ) for 2 h followed by different incubation times (0, 24, 48 or 72 h) before fixation and SNA staining.
For IFV infection studies, the tissue fragments were infected with IFV for 1 h then washed. Tissues were treated with DAS181 (2 h exposure at 10 mg/cm 2 ) immediately pre-infection ('pre'), at 24 h post-infection ('post') or both ('preþ post'). After all treatments the tissues were washed with PBS. At 48 h post-infection the tissues were homogenized with a Qiagen tissue homogenizer and RNA was extracted for infectious viral titre determination by qRT-PCR (M-gene copy number normalized to b-actin copy number).
Statistical analysis
In all cases statistical significance was determined using analysis of variance (ANOVA) with Bonferroni post-test, and is described in detail in each figure legend. In Figure 4 (b and c) significance is determined for the values through day 5 only, since this represents the period with treatment effect.
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Results
Desialylation of HAE culture and ex vivo human bronchial tissue
We have previously shown that DAS181 effectively removes a(2,6)-linked and a(2,3)-linked sialic acids on the MDCK cell surface. 4 Here we sought to investigate the DAS181 removal of sialic acid from HAE cultures, which closely mimic the in vivo environment of the human airway. In humans, the epithelial lining of the trachea, bronchi and bronchioles exhibits abundant a(2,6)-linked sialic acid, the receptor for all human IFV strains, while the level of a(2,3)-linked sialic acid, the receptor used by avian IFV strains, is barely detectable. 12 We observed the same pattern of sialic acid distribution on the apical surface of HAE. After a 2 h treatment by DAS181 over a range of doses, the level of a(2,6)-linked sialic acid was reduced in a dose-dependent manner (Figure 1a ). Because the level of a(2,3)-linked sialic acid in the untreated HAE is barely detectable, the difference in a(2,3)-linked sialic acid level on the HAE surface after DAS181 treatment was not perceptible (data not shown).
Two DAS181 analogues, DAS180 and DAS185, were also tested for desialylation of HAE. Compared with DAS181, DAS180 lacks the heparin-binding domain (AR domain) that prolongs drug retention on the airway epithelium; DAS185 is inactive in sialidase function due to a point mutation (Y348F) in the sialidase active domain. 4 As expected, DAS180 desialylated the HAE, although its desialylation potency as measured by EC 50 (50% effective concentration) is .20-fold weaker than that of DAS181, whereas DAS185 failed to desialylate the epithelium (data not shown). These results confirmed that sialidase activity is critical for DAS181 function and the AR domain significantly enhances DAS181 function on the airway epithelium.
Next, we investigated the relationship between DAS181 concentration and duration of exposure in terms of sialic acid removal. Different DAS181 exposure times to HAE (0.25, 2, 6 and 24 h) were tested, and the result demonstrated that the desialylation effect is a function of both DAS181 local concentration and duration of exposure. While at low DAS181 concentrations, the time of exposure was most critical, as the concentration reached a level of !30 mg/cm 2 , nearly 90% desialylation was achieved in 15 min, and longer treatment duration did not appear to make a significant difference (Figure 1b) . At a concentration of 8 mg/cm 2 , 80% desialylation was achieved in 2 h (Figure 1b) .
Similar to the airway epithelium in vivo, HAE produces mucus. To investigate if the presence of mucus would interfere with DAS181 function, DAS181 was added either to the fresh HAE with the mucus layer intact or to the HAE extensively washed with PBS, and desialylation activity under both conditions was compared. As shown in Figure 1(c) , the presence of the mucus layer on HAE did not affect the ability of DAS181 to remove cell surface sialic acids, as revealed by essentially identical desialylation dose-response curves with or without mucus.
DAS181 function was next evaluated in the fresh ex vivo human bronchial tissue model. The bronchial tissue was obtained from patients undergoing bronchial resection. It was immediately sectioned (without washing in order to preserve the endogenous mucus), treated with DAS181, washed and then monitored for desialylation or resialylation on the apical surface of the cultured tissue at various timepoints. In the first experiment, the bronchial tissue sections were cut into small fragments and incubated with DAS181 at three concentrations (0, 5, 10 or 50 mg/cm 2 ) for 2 h, followed by fixation and sialic acid detection. At concentrations as low as 5 mg/cm 2 DAS181 appeared to fully desialylate the apical surface of bronchial tissue in 2 h (Figure 2a and b) , consistent with the observation with HAE. No further desialylation was evident with doses .5 mg/cm 2 (data not shown). It was noted that while the microvilli on the apical cell surface were extensively desialylated (arrow), the intracellular sialic acid present in goblet cells was not removed, persisting as intracellular globules (arrowhead). This result is to be expected since DAS181 functions primarily on the cell surface.
The second experiment aimed to examine the desialylation rate of DAS181 at different concentrations (0, 5 or 10 mg/cm 2 ), in which the tissue sections were treated for time periods of 10, 30 or 60 min, followed by fixation and the detection of the remaining sialic acid with lectin SNA. The result revealed that at both 5 and 10 mg/cm 2 DAS181 treatment as short as 10 min significantly removed the apical surface sialic acid on bronchial tissues (Figure 2c and d) . The full extent of desialylation appeared to be achieved at the 10 mg/cm 2 dose level in 10 min and no further desialylation was evident at the later timepoints (data not shown). It was noted that the 5 mg/cm 2 dose at 10 min still showed a mild degree of SNA binding compared with the 10 mg/cm 2 dose, but that difference was eliminated by 30 min (data not shown). This result is consistent with the findings in the HAE cultures and confirms that 5 -10 mg/cm 2 represents the range of the minimal local level of DAS181 to significantly desialylate the airway epithelial surface.
Sialic acid regeneration following DAS181 treatment of HAE culture and ex vivo human bronchial tissue
In MDCK cells, after DAS181 treatment the surface sialic acid remained low and unchanged for 48 h but rebounded in 80 h. 4 To assess the rate of sialic acid regeneration after DAS181 treatment in HAE, the HAE cultures were washed and incubated for 10 days following a single 2 h DAS181 treatment at 7.7 mg/cm 2 . During the incubation, the cultures were washed once daily to partially mimic the in vivo mucociliary clearance effect. At various timepoints a subset of the cultures were fixed and processed to determine the remaining DAS181-bound and a(2,6)-linked sialic acid levels. The results showed that a single treatment reduced sialic acid by 90%, and this reduced level was maintained for at least 3 days. By day 7 post-treatment a minor increase in surface sialic acid (30% of control) was detected, followed by a slow and incomplete recovery to 50% of control on day 10 post-treatment (Figure 3a) . The observed slow regeneration of sialic acid correlated to the long retention of DAS181 on the HAE surface and indeed 15% of the cell-bound DAS181 was still present after day 7 posttreatment (Figure 3a ). In contrast, the level of cell-bound DAS180 was only 10% of that for DAS181 immediately after treatment and DAS180 quickly became undetectable during incubation ( Figure 3a) . As a result, although DAS180 treatment caused a level of initial desialylation identical to DAS181 (90% reduction), the HAE resialylation occurred faster and to Triana-Baltzer et al.
a greater extent (25% on day 3 and 100% on day 7) than that of DAS181 (Figure 3a) .
We also tested the rate of ex vivo bronchi tissue resialylation following a single 2 h DAS181 exposure (10 mg/cm 2 ). The tissue sections were treated with DAS181 followed by washing and incubation in medium for 0, 24, 48 or 72 h before fixation. The result showed that the DAS181-induced desialylation of the bronchial epithelium was maintained for at least 48 h after the DAS181 treatment, but a low level of resialylation started to appear at 72 h post-treatment (Figure 3b -e) .
IFV infectious course in HAE
Unlike in MDCK cells, in the HAE cultures IFV does not require exogenous trypsin to replicate to high titres. In general, depending on the IFV strain, after inoculating a challenge dose of IFV (5000 -10000 pfu/well in a 96-well plate) to the HAE apical surface on day 0, virus shedding, as quantified by plaque assay, reaches peak levels around day 2 or day 3. Afterwards, it gradually declines and becomes undetectable between day 7 and day 12 ( Figure 4a and b and Figure S1 ). The termination of IFV shedding in HAE is caused by a lack of susceptible cells at the end of the IFV infectious course.
To increase throughput, we also quantified virus titre by an RT-PCR method based on quantitative detection of the IFV M-gene. Compared with the plaque assay analysis the RT -PCR method revealed identical HAE dynamics of IFV infection initiation and peak, but at the later phase of infection the decline of IFV infection seemed to be slower ( Figure S1 ). Thus, while the RT-PCR method is comparable to the plaque assay for demonstrating initiation and peak of IFV infection in the HAE system, it is less indicative of the rate of decline in viral shedding during the resolution phase of the infectious course.
Inhibition of IFV replication in HAE
To assess the anti-IFV activity of DAS181, HAE cultures were pretreated with various concentrations of DAS181 and then infected with different strains of IFV and at different challenge doses. The cultures were washed daily to partially mimic mucociliary clearance. On day 3 post-infection the apical wash was collected for viral titre quantification by either plaque assay (pfu/mL) or RT-PCR assay. Results from both assays demonstrated the potent anti-IFV effect of DAS181 ( Inhibition of IFV in human airway models by DAS181 279 JAC model system. This concentration of DAS181 correlates to 80% desialylation of the HAE surface (Figure 1b) . IFV infection causes host cell apoptosis, mediated by the changes in the expression of the genes involved in apoptosis pathways. 13, 14 We investigated these changes using an expression array consisting of detection of 84 key apoptosis-related genes. HAE culture infected with IFV B/Maryland/1/59 revealed several changes in apoptosis-related gene expression, including strong upregulation of BIK (BCL2-interacting killer; pro-apoptotic gene) and downregulation of TNFRSF11b (tumour necrosis factor receptor superfamily member 11b, also known as osteoprotegrin; anti-apoptotic gene) and BAG4 (BCL2-associated athanogene 4; anti-apoptotic gene) ( Table 2 ). However, pre-treatment with DAS181 at 7.5 mg/cm 2 for 2 h completely suppressed the expression changes of the three apoptosis genes induced by IFV infection, thus protecting host cells from viral-induced apoptosis.
As expected from their distinct desialylation functions, DAS181 and its analogues, DAS180 and DAS185, also differ in their anti-IFV functions. While only DAS181 and DAS180, not DAS185, inhibited IFV infection in HAE, DAS181 was .3-fold more potent than DAS180 as measured by EC 99 , which highlights the role of the AR tag in improving DAS181 potency (data not shown).
DAS181 treatment regimen analysis in HAE
The HAE system differs from the human respiratory epithelium in that it lacks the innate and the adaptive immune mechanisms that are responsible for the virus control and clearance in vivo. As a result, it is to be expected that after being initially inhibited by DAS181, residual IFV may eventually break through and infect HAE as the DAS181 treatment effect wanes over time. In the case of IFV A/PR8/34 infection of HAE, a single high-dose level treatment of DAS181 applied prior to infection abrogated infection for at least 5 days, and the breakthrough virus was detected on day 7 (Figure 4a) . We have demonstrated that the breakthrough virus in HAE did not exhibit meaningful resistance to DAS181 (data not shown), and thus instead resulted from the diminished DAS181 treatment effect after day 5. It should also be noted that in the environment of the human respiratory tract in vivo, any significant delay of the virus replication will aid the host immune system to fight against the virus, and thus will lead to certain therapeutic benefit to the patients.
To assess the DAS181 treatment regimen, DAS181 at the suggested therapeutic range (10 mg/cm 2 , 2 h) was applied at various frequencies to the HAE cultures after inoculation of IFV A/PortChalmers/1/73 (H3N2). A once-a-day treatment regimen given for 4 days (D1-4Â1) inhibited viral titre by up to .3 logs. After the last treatment was given on day 3, the viral titre remained low for two more days and rebounded on day 6 (Figure 4b ). Interestingly, a regimen that has one additional treatment in the first 24 h post-infection (D1Â2/D2 -4Â1) completely inhibited the initial infection as well as the subsequent viral breakthrough during the 9 day incubation (Figure 4b ). No additional benefit was observed when adding a third treatment on day 0 (D1Â3/D2 -4Â1). This result indicates that a higher loading dose in a post-infection treatment regimen may bring significant therapeutic benefit.
In the next experiment, DAS181 treatment was initiated at various timepoints after IFV infection of the HAE. As a control, DAS181 (10 mg/cm 2 , 2 h) was given immediately after IFV inoculation using the most effective 4 day regimen based on the result described above (D1Â2/D2 -4Â1), and IFV replication was completely inhibited (Figure 4c ). In the next treatment group, a similar, but shorter, 3 day DAS181 regimen (D1Â2/D2 -3Â1) was initiated at 12 h post-infection. IFV replication was stalled and reduced by up to 4 logs for 5 days, but the virus breakthrough occurred on day 6 (Figure 4c) . Interestingly, even when initiated at 24 h post-inoculation, as IFV infection approaches the peak level, DAS181 in a minimal treatment regimen (D2-4Â1) still inhibited IFV infection by up to .2 logs in the HAE, and the treatment effect lasted for at least 2 days after the last dose (Figure 4c) .
To demonstrate prophylaxis protection against IFV by DAS181, HAE cultures were treated with two doses of DAS181 (10 mg/cm 2 , 2 h) given 12 h apart, with the second treatment ending at 24, 36 or 48 h prior to viral inoculation at high dose (10 000 pfu/well). As judged by viral titre at 24 h post-infection, DAS181 significantly reduced IFV infection in all of the prophylactic treatment regimens even when the last treatment was applied at 48 h prior to the challenge (Figure 4d Triana-Baltzer et al.
immediately prior to the virus challenge, the viral infection was completely abrogated. When a single dose of DAS181 was instead given at 24 h post-infection, a significant reduction in viral infection was still observed ( Figure 5 ).
Discussion
In this report, the anti-IFV pharmacodynamics of DAS181 were evaluated in two model systems: the HAE culture and the fresh human bronchial tissue section. These two model systems represent superior simulators of the human respiratory tract compared with the commonly used MDCK cells because they carry the same cell type composition and polarity, mucus-secreting function and mucociliary movements as the airway epithelium in vivo. In addition, the composition and expression level of the sialylated glycans in vivo are expected to be well duplicated in these models. Thus they are relevant in vitro models for investigating the dynamics of desialylation/resialylation and anti-IFV activity. Importantly, the dynamics of IFV infection in HAE shown here are very similar to the previously reported IFV infectious course in a human challenge study. 15 Here we show that DAS181 desialylates HAE culture and ex vivo bronchi tissue and therefore inhibits infection by several IFV strains. Study results have revealed that 80% epithelial surface desialylation and significant anti-IFV efficacy can be achieved at a topical concentration of DAS181 in the range of 5-10 mg/cm 2 when applied once daily. Furthermore, an additional treatment (or a higher loading dose) on the first day brings significant (a)
Percent sialic acid remaining Figure 3 . Time course of sialic acid regeneration on HAE and ex vivo human bronchi following DAS181 treatment. HAE cultures were incubated with DAS180 or DAS181 at 7.7 mg/cm 2 for 2 h at 378C followed by incubation for 10 days with daily PBS washing to mimic mucociliary clearance. At selected timepoints surface levels of a2,6-sialic acid or DAS protein were determined (a). In corroboratory experiments fresh human bronchi sections were treated with vehicle (b) or DAS181 at 10 mg/cm 2 (c-e) for 2 h at 378C, washed and then incubated in medium for 24, 48 or 72 h, before detecting levels of a2,6 sialic acid. Red/dark staining represents sites of high a2,6-sialic acid levels. This figure appears in colour in the online version of JAC and in black and white in the printed version of JAC. The rate of sialic acid turnover on the airway epithelium has never been characterized. Previously the cell surface sialic acids on a T cell lymphoma cell line were shown to be primarily on glycoproteins (93%), and resialylation of the cell surface to be mostly contingent upon de novo protein synthesis. 16 Data from the ex vivo human bronchial tissue suggest that desialylation and the anti-IFV effect from a single DAS181 treatment would last for at least 2 days. Thus the sialic acid regeneration on the airway epithelial surface, even in the presence of IFV infection, may take longer than 48 h. Consistently IFV inhibition by DAS181 in HAE lasted for at least 2 days following the final treatment in various pre-infection or post-infection treatment regimens. The sialic acid regeneration following DAS181 treatment in the uninfected HAE cultures, however, seems to take longer than 3 days. The apparent longer duration for sialic acid regeneration in normal HAE cultures may be due to a combined effect of slower protein synthesis and a lack of mucociliary cleaning that results in longer DAS181 retention in the uninfected HAE.
The lack of any innate or adaptive immune mechanisms for viral control and clearance in HAE makes this model system very stringent for assessing antiviral efficacy of a drug candidate. To this end, ex vivo human bronchial tissue may provide more accurate assessment of potential drug efficacy as these tissues may contain some macrophages and cytotoxic T lymphocytes that can secrete interferon or kill the infected cells. 17 -19 Importantly, the purported functions of DAS181 are verified here in the human bronchial tissue sections, and in addition DAS181 appears to be more potent when applied to the bronchial tissue than the HAE cultures. . Antiviral activity of DAS181 in HAE culture. To determine the dynamics of IFV growth and drug effect, PBS or DAS181 (153 mg/cm 2 ) was incubated with HAE tissues for 2 h, followed by infection with IFV A/PR8/34 (5000 pfu/well). Apical washes from the HAE were collected daily and analysed by plaque assay (a). To determine the effect of increased dosing in the first day, HAE cultures were first infected with IFV A/PortChalmers/1/73 (10000 pfu/well) and then treated with DAS181 daily (D1-4Â1), twice in the first day and then daily (D1Â2/D2-4Â1) or three times on the first day and then daily (D1Â3/D2-4Â1). All treatment regimens lasted 4 days and were initiated immediately post-infection (b). To assess the relative benefit of delayed treatments, HAE cultures were infected with IFV A/PortChalmers/1/73 as above and then treated with DAS181 once daily beginning at 0, 12 or 24 h post-infection as indicated. All treatment regimens were maintained for 4 days post-infection (c). To assess the benefit of prophylaxis treatments, HAE cultures were given two DAS181 treatments (12 h apart) beginning at 60, 48 or 36 h pre-infection as indicated and then infected with IFV A/PortChalmers/1/73 as above (d). In (b), (c) and (d) all DAS181 treatments were at 10 mg/cm 2 for 2 h followed by washing out of the drug. Apical washes were collected daily and analysed by qRT-PCR at days 1 -9 post-infection (b and c) or at day 1 post-infection (d). Values represent means+SEM of duplicate or triplicate samples. The limit of detection in the plaque assay was 4 pfu/well and the limit of detection in the qRT-PCR assay was 10 3 M-gene copies. *P,0.05, **P, 0.01, significantly different for days 1-5 compared with untreated controls (ANOVA with Bonferroni post-test).
Triana-Baltzer et al.
To date, in vitro efficacies of anti-IFV drug candidates are almost exclusively derived from studies using non-polarized cell line monolayers. Only one NAI, oseltamivir carboxylate, was reported to be effective in HAE against IFV. 20 In the report, oseltamivir efficacy was assayed by the number of infected cells. Whereas 47-fold fewer cells were infected when the drug was added shortly before the infection, a 1 h delay in treatment resulted in only 1.5-fold inhibition. Additionally, if the drug was given at 4 h after virus inoculation, no inhibition was observed. 20 These results are in stark contrast to the potent anti-IFV effect of DAS181 presented in this report. DAS181 compares very favourably against oseltamivir in the HAE model system; in particular, DAS181 inhibited IFV by .2 logs even when it was given at 24 h after virus inoculation.
Dynamic models of IFV infection in humans have revealed that the respiratory tract is not only the site of infection but also the site of defence by the host. In a natural infectious course, during the first 3 -5 days after the primary infection, the magnitude of infection expands rapidly until the total infected cell number, virus shedding and symptoms reach the peak level. At this stage, severity of the infection is primarily controlled by the number of susceptible cells, and not by the adaptive anti-IFV immune response. 21 -23 During a natural infection, DAS181 treatment may achieve two effects: (i) by reducing the magnitude of infection, clinical symptoms may be ameliorated; and (ii) by inhibiting viral replication for days, DAS181 may allow the adaptive immune response enough time to develop and eliminate the virus.
Blocking viral binding to host cell receptors is an attractive antiviral approach. It is well established that both IFV and human parainfluenza virus (HPIV) utilize cell surface sialic acid for binding and entry to initiate viral infection. A previous report described desialylation and anti-HPIV-3 activity of the sialidase from Vibrio cholerae, but the sialidase failed to protect HAE against infection by the IFV A/England/26/99 strain, probably due to incomplete desialylation. 24 DAS181 has previously demonstrated anti-IFV activity in vitro using monolayer cell cultures, in vivo using mice and ferrets, and in ex vivo human lung PBS or DAS181 (7.5 mg/cm 2 ) was incubated with HAE tissues for 2 h immediately prior to IFV B/Maryland/1/59 infection (10 000 pfu/well). Cellular RNA was later extracted and assayed for apoptosis gene expression. Fold changes of gene expression, from untreated HAE culture, are shown for the genes with changes !2.0-fold. Inhibition of IFV in human airway models by DAS181 283 JAC tissue, 4, 5, 25 the results presented here are in support of these previous findings. DAS181 is also effective at inhibiting various HPIV strains both in vitro and in vivo (data not shown). Ultimately, the merits of a drug candidate need to be assessed by testing in humans. The safety and efficacy of DAS181 are currently being evaluated in clinical trials.
